Abstract No general agreement exists regarding the effect that bolus size has on masticatory movement, probably because both the size and texture of food change during mastication. In this experiment, in order to clarify the effect of bolus size on masticatory movement, a food that does not change in size and texture -chewing gum -was chosen, and the relationship between bolus size and the chewing cycle was analyzed. Ten healthy subjects in their twenties were asked to chew pieces of softened chewing gum of four different sizes. For ten cycles, beginning with the fifth cycle of mastication, gape and masticatory width were calculated for the spatial parameter of the chewing cycle, and cycle time was calculated as the temporal parameter. The relationship between these parameters and the bolus size was investigated. As the bolus size increased, the spatial and temporal parameters increased. In addition, there was a positive correlation between the bolus size and each parameter. The influence of the bolus size was as follows: gape, r = 0.91; masticatory width, r = 0.79; and cycle time, r = 0.74 (all, P < 0.001). From these results it was concluded that the shape of the chewing cycle was altered by the size of the food bolus, and that the changes in sensory input from the peripheries greatly affected the masticatory movement.
Introduction
Early reports have suggested that each human subject has a characteristic masticatory behavior, and that this pattern of chewing is influenced by the nature of the food. 1 Similar observations were made in animals. In the monkey, the duration of the chewing cycle and the magnitude of the lateral excursion is smaller with softer food. 2 In the cat, in experiments using liver of three different consistencies and three bolus sizes, cycle duration and gape increased with bolus size, and to a lesser degree, with the hardness of the food. 3 As far as the human is concerned, bolus size and food consistency were reported to influence the gape in a similar manner. [4] [5] [6] However, Plesh et al. 7 were unable to observe an influence of bolus consistency on gape, and Pröschel and Hofmann 8 reported a negative influence of consistency on gape. The magnitude of the lateral excursion of the chewing cycle has been reported to increase with bolus size, 4 and with a harder food consistency. 6, 8 On the other hand, Lucas et al. 5 were unable to find such a relationship. The duration of the chewing cycle was found to increase with increased hardness of the food; 7, 8 no statistically significant difference was reported for bolus size 4, 5 or consistency. 7 There are also reports indicating changes of the spatial and temporal characteristics of the chewing cycle within a masticatory sequence. A decrease in vertical gape with increased comminution of food was noted. 9, 10 Observations of both a decrease in cycle duration and vertical gape with time within a masticatory sequence were found in humans, 11 while a decrease in cycle duration with time was found in the monkey. 2 Last but not least, the masticatory movement was reported to be disturbed at the beginning of the masticatory sequence. 12, 13 In summary, these observations demonstrate that bolus size and food consistency can influence cycle duration, vertical gape, and lateral mandibular excursion. Because food changes its textural properties within a masticatory sequence, these intrinsic changes could, potentially, affect the results and explain some of the differences found in the literature.
Therefore, we wanted to examine the effect of bolus size on the spatial and temporal parameters of the human chewing cycle. For our investigations, the experiments involved the chewing of gum. Gum was selected because, after the initial softening, it does not change its properties within a chewing sequence. This research was aimed at studying the effect of bolus size on vertical gape, masticatory width, and cycle time in mastication. We were also interested in examining whether or not the spatial and temporal variability from cycle to cycle within a chewing sequence was affected by bolus size.
Materials and methods
Our subjects were ten healthy individuals, five men and five women, aged between 23 and 28 years (average, 25.2 years), each of whom had a full complement of teeth, excluding third molars. All subjects were free of facial pain and had no complaints about their bite. Informed consent forms were obtained, and the general nature of the study was explained to the subjects, after which they signed the forms. For the study, the subjects were seated comfortably in chairs so that their Frankfurt horizontal plane was parallel to the floor. They were requested to chew in their habitual manner. One to four types of mildly flavored gum (Trident R; Warner-Lambert, Parsippany, NJ, USA) with bolus sizes of 0.9 cm 3 , 1.9cm 3 , 2.8cm 3 , and 3.7 cm 3 were selected. Before the mastication of the four types of gum was recorded, the subjects were allowed to get used to the bolus size by softening the chewing gum adequately. Therefore the order of mastication was not random, but, rather, was done from the smallest bolus size. It was also verified that all subjects were able to unconsciously chew the test bolus without any difficultly. Mandibular movement was characterized by incisal point displacement in a vertical, latero-lateral, and anteroposterior direction, using the K6I measuring system (Myotronics, Seattle, WA, USA).
After the separation of the chewing sequence into individual chewing cycles, ten consecutive cycles from the fifth cycle were subjected to further processing. The separation of a chewing sequence into individual cycles was accomplished using software routine. First, an initial threshold value was established, at 2 mm below the highest point of masticatory movement, and masticatory cycles were separated into individual cycles. Next, a second threshold value was obtained, as the average of all the vertical components above the initial threshold value. Then the average and the standard deviation of all vertical components above the second threshold value was obtained. The final threshold value was the sum of the latter two values. From the final threshold value, the starting points for opening phase, closing phase, and occluding phase were automatically determined ( Fig. 1) . The cycle time was defined as the duration from the onset of the chewing cycle to the onset of the next chewing cycle. The chewing envelope was divided vertically into ten equally spaced sections, and the crossing of the movement path at each sectional crossing was determined. The gape was defined as the vertical distance from intercuspation to maximum jaw opening, and the masticatory width was defined as the average width from the first to the ninth level (Fig. 2) . The gape and the masticatory width were used as the spatial parameter, and the cycle time was used as the temporal parameter. For the data of chewing four different types of chewing gum, the spatial and temporal parameters were calculated for the ten cycles beginning with the fifth cycle of mastication. Next, the average for the 40 cycles was obtained and the value of each cycle was standardized so that the average would be 1. For these parameters of the masticatory cycle, the average and the coefficient of variation (CV) were calculated, using the data of the ten cycles from the fifth cycle of mastication. The average value of each parameter for the four bolus sizes was compared, using repeated measures analysis of variance (ANOVA). If the repeated measures ANOVA showed a statistically significant effect, follow-up comparisons were carried out with the paired t-test. The relationship between these parameters and the size of the food bolus was investigated using Pearson's correlation coefficient test. In order to examine whether or not a larger bolus size led to greater variation in the chewing parameters, the CVs of the chewing parameters for the four bolus sizes were compared using Friedman's test.
Results
The average values for gape, masticatory width, and cycle time for 40 cycles were 21.1 mm (SD, 1.9 mm), 2.7 mm (SD, 1.1 mm), and 493.1 ms (SD, 48.3 ms) respectively.
Both the spatial (gape and masticatory width) and temporal (cycle time) parameters of the human chewing cycle were affected by the volume of the bolus (P < 0.001).
Spatial and temporal parameters of the chewing cycle
Average values for the spatial and temporal parameters are shown in Table 1 . Of all the measured parameters of the chewing cycle, the effect of bolus size on gape was most obvious. The effect of bolus size on the masticatory width of the chewing cycle was also obvious. The gape and masticatory width increased to a significant degree with increasing volume of the bolus ( Table 2 ). The cycle time was moderately influenced by the increase in bolus size. When bolus sizes of 0.9 cm 3 and 1.9 cm 3 were compared, the cycle time was not significantly different. However, this was no longer the case when a bolus size of 1.9 cm 3 was compared with 2.8 cm 3 , or that of 2.8 cm 3 was compared with 3.7 cm 3 ( Table 2) .
Relationship between bolus size and chewing parameters
As the bolus size increased, the spatial and temporal parameters also increased, and there was a positive correlation between the bolus size and each parameter (Fig. 3) .
Variability of chewing parameters from cycle to cycle
There were no significant differences in the variability of the spatial or temporal parameters from cycle to cycle, that could be related to bolus size (P > 0.05).The CV values were 6% to 7% for gape, 19% to 21% for masticatory width, and 4.5% to 4.9% for cycle time.
Discussion
Because food changes its physical properties with increased comminution, 14 we chose chewing gum for our experiments. We assumed that some of the inconsistencies in the literature could be explained by the intrinsic changes of bolus size and/or bolus consistency that occur within a sampling period. Of all the parameters studied, the effect of bolus size on gape was most significant. This finding is consistent with earlier findings in both cats 3 and humans 4, 5 (Table 3) . With food, rather than gum, gape decreased within a chewing sequence, 9,10 most notably within the first few cycles. 11 Based upon the literature and our findings, it is safe to conclude that the bolus size has a direct effect on gape. An effect of bolus size on masticatory width was also noted in our data set. However, the effect of bolus size on masticatory width was not as pronounced as its effect on the gape. This observation is in agreement with the findings of Mizumori et al., 4 who used radish as the test food. However, Lucas et al., 5 who used peanuts, found no effect of bolus size on masticatory width (Table 3) . To explain this difference, we considered two possibilities, arising from the difference in the bolus. One is that, in our experiment, we used chewing gum, the hardness of which did not change during mastication, whereas Lucas et al. 5 used peanuts, which become softer and smaller during mastication. It has been reported that the lateral movement decreased as food became softer. 1 Thus, it is highly probable that, as with the gape and cycle time, the changes in the consistency of the food that occurred during mastication affected their results. The other possible explanation is a difference in the consistency of the bolus. Lucas et al. 5 used peanuts, which are hard and breakable and require much vertical movement. In our study, the use of chewing gum, which is soft and viscous, necessitated lateral movements that could have been more responsive to the change in bolus size. Least clear, but still statistically significant, was the influence of bolus size on the cycle time. It has been suggested that, as the size of the food bolus increased, resistance also increased and the velocity decreased. 15 Therefore, it is possible that the reason for the increase in cycle time as the size of food increased could be that the increase in resistance reduced the masticatory velocity, and, as a result, cycle time was prolonged. The influence of bolus size on cycle time has also been observed when liver was fed to cats; 3 however, studies in humans did not find such a relationship. 4, 5 We concluded that bolus characteristics, such as consistency and stickiness, were likely to influence cycle time. This hypothesis was partially supported by the finding that, as the food became harder, the cycle time increased. 7, 8 However, the change in cycle time with the size of the food bolus was 0.97 to 1.03, with boluses of 0.9 cm 3 to 3.7 cm 3 , which was relatively small when compared with the change of 0.87 to 1.11 for gape and 0.86 to 1.14 for masticatory width. This was probably because masticatory rhythm was basically determined by the pattern generator of the brain stem, 16 so that the temporal characteristics of chewing may be not as susceptible to peripheral feedback as the spatial characteristics.
Our findings that bolus size did not influence either the spatial or temporal cycle-to-cycle variation of cycle parameters are new. This was surprising to us, because we expected that a larger bolus would likely call for greater cycle-to-cycle variation of gape, masticatory width, and cycle time. However, this was not the case for any of the parameters. Therefore, it could be concluded that the changes from cycle to cycle did not affect the results of this experiment.
As mentioned previously, it has been reported that the size and the hardness of food change during mastication, 14 that masticatory movement was disturbed at the beginning of a continuous mastication, 12, 13 and that there were individual variations in the parameters that quantitatively manifest masticatory cycles, such as gape, masticatory width, and cycle time. 7 These individual variations are actually the main sources of the ambiguity that exists in comparing different types of food. Therefore, in this experiment, in order to eliminate these sources of ambiguity, we chose as the test bolus a softened chewing gum that did not change much in either size or hardness during mastication. In addition, the first few cycles of mastication, in which the subjects tended to be conscious of the action, were eliminated from the analysis, and the ten cycles beginning with the fifth cycle were selected. Also, in order to eliminate individual variations, each parameter was standardized. As it is known that, when a change in size from one bolus to the next is large, this may elicit a voluntary response in subjects, which may, in turn, cause disturbance in the rhythmical masticatory movement. Thus, the test boluses we used were adequately softened and tested in order of size, beginning with the smallest bolus, so as to get the subjects accustomed to the bolus size. By thus paying attention to the conditions of the experiment, we were able to observe that there was a significant relationship between the bolus size and each parameter of the chewing cycle. From these results it was Increase, Increase with increased bolus size; NS, no significant influence concluded that bolus size positively affected the spatial and temporal parameters of mastication.
